ABSTRACT Background: Body mass index (BMI) is formulated on the assumption that body weight (BW) scales to height with a power of 2 (BWfheight 2 ), independent of sex and race-ethnicity. Powers differing from 2 are observed in studies of selected samples, thus raising the question if BMI is a generalizable metric that makes BW independent of height across populations. Objectives: The objectives were to test the hypothesis that adult BW scales to height with a power of 2 independent of sex and raceethnicity and to advance an understanding of BMI as a measure of shape by extending allometric analyses to waist circumference (WC). Design: We conducted cross-sectional subject evaluations, including body composition, from the NHANES and the Korean NHANES (KNHANES). Variations of the allometric model (Y = aX b ) were used to establish height scaling powers (b 6 SE) across non-Hispanic white and black, Mexican American, and Korean men and women.
INTRODUCTION
The increasing global prevalence of obesity requires an easyto-use phenotypic measure of adiposity that can be applied to the general population. Both the WHO and the U.S. NIH have long embraced BMI as the central measure of human adiposity from birth onward (1, 2) . BMI, body weight (BW) 5 divided by height squared (height 2 ), has for decades come under intense scrutiny, including with some criticism, as a marker of both excess adiposity and as a predictor of health status, morbidity, and mortality (3) (4) (5) (6) (7) (8) (9) (10) (11) . Our focus in this report is on the applicability of BMI across populations varying in sex and race-ethnicity.
The primary question surrounding the use of BMI across different sex and racial-ethnic populations is whether BW/height 2 is a reliable marker of adiposity. This question can be divided into 2 parts: Does BW scale to height with a power of 2 (i.e., BWfheight 2 ), as widely assumed across groups differing in sex and race-ethnicity? If BW does scale as height 2 , does BMI reliably predict adiposity across sex and race/ethnic groups? Many studies have explored these 2 questions (3-9, 12-14), but few had carefully evaluated large samples applying the same measurement methods across a range of race/ethnic groups, including Asians, that firmly answer prevailing concerns surrounding the generalizability of BMI.
The 1999-2006 NHANES (15, 16) and the 2008-2010 Korean NHANES (KNHANES) (17, 18) provide a new opportunity to explore these 2 questions in large-population samples that include men and women in 4 main race/ethnic groups: non-Hispanic (NH) whites, NH blacks, Mexican Americans, and Asian Koreans. The protocols used in NHANES and KNHANES are identical to the extent possible and thus provide a unique opportunity to examine scaling relations across 4 major race/ ethnic groups without concern for between-study measure-ment calibration and quality issues. The main aim of the present study was to examine in-depth the first of these questions: to establish scaling relations of BW to height among these 8 sex and race/ethnic groups. The second question is the focus of a follow-up report now in preparation. Our aim in this initial study was to establish if BW scales as height 2 , a requirement for BMI to serve as a height-independent measure of body shape (19, 20) . As part of this analysis, we additionally evaluated the scaling of waist circumference (WC) to height in the NHANES and KNHANES samples as a means of expanding generalizable features of adult human shape. Our study extends earlier reports on this topic that were based on more limited and less generalizable samples (12, 19, (21) (22) (23) .
METHODS

Study design and rationale
Scaling relations to height
BMI is founded on the empirical relation observed between BW and height as described by the following simple allometric model:
with Y the dependent variable (BW), X the predictor variable (height), b the scaling exponent or "power," a the proportionality constant, and e the multiplicative error (19, 21) . When expressed in the form of natural logarithms, the classic allometric equation becomes log e Y ¼ log e a þ blog e X þ log e e: ð2Þ
Most studies, including those by Quetelet et al. (24, 25) , found that b (i.e., Equation 2 slope) is equal to w2 across adult samples varying in age and that BW/height 2 is largely independent of height (19) (20) (21) . However, the critical height power value (i.e., b in Equations 1 and 2) of 2 remains controversial and a wide range of other scaling exponents are reported (w1.5-2.5) and suggested (9-11, 26, 27) . The causes of variability in these scaling powers are not well understood.
The first phase of analyses were aimed at elucidating the basis of this previously observed variability in scaling powers, and the second phase of analyses focused on development of nationally representative scaling powers for BW and WC. The samples used in these analyses are summarized in Supplemental Table 1 .
Potential influence of age and adiposity
One explanation for variable height powers, notably other than 2, is that age-related effects on BW and height may independently influence the scaling power (i.e., b) of weight on height. When exploring these relations across wide age ranges, there are likely secular and other effects present in the evaluated data sets that influence scaling relations. Older subjects in adult samples are typically heavier and shorter than their younger counterparts (28) , an effect that will strongly influence b independent of the scaling relation between BW and height. We examined this possibility in the first phase of data analyses.
A second explanation for variable height powers, other than 2, is that adiposity may influence b independently of fat-free body mass. To gain insight into this potential effect, consider human body mass as consisting of 2 main components: a relatively stable core mass (e.g., skeleton, muscle, etc.) that is a function of height and a highly variable portion that reflects cumulative energy balance and consists mainly of adipose tissue (23, 29) When examining how BW scales to height, the unstated assumption is that BW and fat mass (FM) both scale to height with the same power. 
When b 1 and b 2 are equal (i.e., when both FM and BW scale the same to height), the value of b 1 -b 2 is 0 and a nonzero number raised to the power of zero equals 1. Thus, when b 1 = b 2 , adiposity (i.e., %fat) is independent of height. However, if the difference observed between b 1 and b 2 is not zero, %fat will correlate either positively or negatively with height and weight scaled to height no longer solely represents the relation between stature and BW. This potential "bias" in scaling power could partly account for some of the variability observed between studies when BW is scaled to height without adjusting for adiposity (9, 26, (30) (31) (32) . We therefore evaluated whether FM and BW scaled to height with similar exponents as part of the first phase of data analyses.
Sex and race/ethnic group effects
The next stage in the first data analysis phase involved a detailed examination of how BW scales to height across the 8 sex and race/ethnic groups. Values of b for each group were derived by using multiple regression models that included age and adiposity as potential covariates. Within-sex and race/ethnic group values for b were also calculated for subjects aged $18 and ,30, 30-39, 40-49, 50-59, 60-69, and $70 y. The aim of these analyses was thus 2-fold: establishing how BW scales to height within and across adult NH white, NH black, Mexican American, and Korean Asian men and women and to determine whether the scaling coefficients (b) observed within each sex race/ethnic group are influenced by age group.
Scaling of WC
Simple geometric body shape models predict that body "circumference" should scale as height 0.5 (Supplemental Material) (22) . To examine this hypothesis, we evaluated the scaling of WC to height, adjusting for age and adiposity, across the 8 sex and race/ethnic groups.
Nationally representative scaling powers
The second phase of analyses was aimed at deriving nationally representative U.S. and Korean BW and WC scaling powers.
Subjects
The sample included data from the NHANES and KNHANES (16) (17) (18) . Subjects aged $18 y who participated in the crosssectional NHANES 1999-2006 study who had dual X-ray absorptiometry (DXA) evaluations were included in the analyses. NHANES survey methodology and measurement protocols are provided elsewhere (15, 16, (33) (34) (35) (17, 18) .
A detailed accounting of the evaluated NHANES and KNHANES samples is summarized in Supplemental Table 1 . The samples evaluated for WC scaling are minimally reduced in size because measurements were not made on some subjects. All NHANES procedures were approved by the National Center for Health Statistics, CDC. The survey received human subjects approval. The KNHANES study protocol was approved by the Korea Centers for Disease Control and Prevention Institutional Review Board, with all subjects providing written informed consent.
Body composition assessment
The same anthropometric measurement and training protocols and DXA systems with manufacturer-specified calibrations were used in NHANES and KNHANES (Hologic QDR-4500A densitometer, later reported in KNHANES as a QDR Discovery Wi; Hologic) (15) (16) (17) (18) (33) (34) (35) . The NHANES and KNHANES data sets contained whole-body DXA estimates of total BW, FM, and %fat values that were investigated in the present study. For consistency, all scaling evaluations that used BW as a dependent variable were conducted by using the DXA total BW value. The CV reported for DXA-measured FM is w3% and for fat-free mass is w2%.
Statistical methods
The analyses overall were aimed at establishing BW and WC scaling relations to height that are generalizable to noninstitutionalized portions of the U.S. and Korean adult populations. Nationally representative estimates were derived by using procedures for sample survey data in SAS (version 9.3; SAS Institute) to account for the complex, multistage probability designs of NHANES and KNHANES. Sample weights were used to adjust for noncoverage, nonresponse, and oversampling of some groups. SEs were derived by using Taylor series linearization. Significance was defined as P , 0.05 (two-tailed).
Descriptive statistics were initially computed to characterize the analyzed sample. Data from a Korean man with a biologically implausible WC value of 798 cm were excluded from all WCrelated analyses. We then conducted the first phase of analyses to examine BW and WC scaling relations to height as moderated by adiposity, age, sex, and race. Subject group characteristics and powers are presented as X 6 SE (95% CI). To establish BW and WC scaling relations to height, separate sex-specific regression models were fitted with BW and WC as the dependent variable and height, age, and/or %fat as independent variables. All dependent and independent variables incorporated in the regression models were log-transformed. To account for the multiply imputed structure of NHANES body composition data measured by DXA, analyses were conducted separately for each of the 5 imputed data sets by using PROC SURVEYREG, and the resulting estimates were averaged together by using PROC MIANALYZE (SAS Institute). Analyses of KNHANES data were conducted by using a similar strategy as that described for NHANES; however, no imputed data were provided in the publicly available KNHANES data set. The scaling factor (b) and corresponding SE for height were extracted from each final model in the sex-specific regression analyses.
Between-race-ethnicity group differences (NH white compared with NH black compared with Mexican American compared with Korean) in baseline characteristics and scaling powers were evaluated separately for each sex by using Cochran's Q test for heterogeneity with 3 df. Pairwise comparisons (6 in total) were then conducted for significant omnibus analyses by computing Cochran's Q while using a Bonferroni correction (P , 0.05/6 = 0.0083) and evaluated for significance at 1 df. Betweensex differences in scaling powers were evaluated by using additional dummy-variable regression analyses. For NHANES analyses, 95% CIs for scaling factors and critical t-statistic values for testing differences between scaling factors were derived by using df calculated according to the method proposed by Barnard and Rubin (36) . The complete-data df used in this determination was 59 (number of primary sampling units -number of sampling strata). For KNHANES analyses, 95% CIs for scaling factors and critical t-statistic values for testing differences between scaling factors were derived by using 243 df (number of primary sampling units -number of sampling strata). We analyzed the developed models with regression diagnostics and residual distributions appeared normal. A subtle curvilinear residual relation within some models was present but the inclusion of additional model terms corrected nonlinearity and had no measurable influence on observed powers.
RESULTS
Subjects
A total of 26,068 subjects were evaluated in the race-stratified analyses described herein-12,548 men and 13,520 womenacross the 8 sex and race/ethnic groups ( Table 1, Supplemental  Table 1 ). Of these, 17,126 were analyzed from NHANES and 8942 from KNHANES. Group mean (6SE) age varied from 36.2 6 0.5 y in Mexican American men to 47.1 6 0.3 y in NH white women. Korean women had the smallest height (157.5 6 0.1 cm), whereas NH white men had the greatest height (177.5 6 0.1 cm). Korean men and women had both the lowest BMI and % fat within their respective sex groups, whereas values of BMI and %fat were substantially larger and variable among the remaining 3 race/ethnic groups. Between-group statistical comparisons for baseline characteristics are shown in Table 1 .
Age and adiposity scaling effects
The scaling powers of height (i.e., b 6 SE) derived for BW, FM, and WC are presented in Table 2 .
Age
When BW alone was scaled to height for the 8 study groups, the observed values for b in Equation 2 ranged widely, from a low of 1.19 6 0.06 for Korean women to a high of 2.42 6 0.12 for Mexican American men; the mean (SD) power for all 8 groups was 1.86 (0.41). When age was added to the model, the range of powers shifted upward (1.77 6 0.10 to 2.50 6 0.12) to a mean (SD) of 2.05 (0.29).
Adiposity
FM alone scaled to height across the 8 sex and race/ethnic groups, with values for b in Equation 2 also ranging widely from a low of 0.43 6 0.13 for Korean women to a high of 2.84 6 0.24 for Mexican American men. FM scaling to height strongly influenced the power of BW scaled to height. An example is for NH black and white women. BW and FM scaled similarly to height in NH black women (1.82 6 0.15 and 1.66 6 0.25, respectively; both P , 0.001) and their %fat was nonsignificantly correlated with height (P = NS). By contrast, FM scaled to height in the NH white women with a power of 1.04 6 0.17 (P , 0.001) and the corresponding power for BW scaled to height was 1.57 6 0.10 (P , 0.001). As expected, the large discordance between FM and weight scaling to height was accompanied by a significant correlation between %fat and height in NH white women (P , 0.001).
Age-adjusted powers for BW and FM scaling to height are presented in Table 2 . Of the 8 sex and race-ethnicity groups, 6 (NH white men, Mexican American men, Korean men, NH white women, Mexican American women, and Korean women) showed significant correlations between %fat and height. Although the mean age-and %fat-adjusted power for the 8 groups (2.06) was similar to that of the powers adjusted for age alone (2.05), the variability in power estimates was reduced by more than one-half with %fat adjustment (SD: 0.12 compared with 0.29). We conclude from this series of analyses that age and adiposity effects strongly influence the powers observed when BW is scaled to height in adult samples.
Scaling of BW and WC to height
BW
The powers and 95% CIs observed for BW scaled to height, adjusted for age and adiposity, are summarized for the 8 sex-race/ ethnic groups in Table 2 . The age-and %fat-adjusted powers of Table 1 . Between-race-ethnicity comparisons were performed by using Cochran's Q test for heterogeneity. BW, body weight; MA, Mexican American; NH, non-Hispanic; WC, waist circumference. 2 Values are total numbers of subjects; subjects with WC values are in parentheses. height ranged narrowly from a low of 1.94 6 0.08 in NH black women to a high of 2.29 6 0.09 in NH black men. There were no significant differences among these powers within each sex group, and only the powers for NH black and Mexican American men significantly differed from 2.
Powers of BW scaling to height for each sex, race, and age group are presented in Supplemental Table 2 . Although height powers were generally stable across age groups for men, a small downward drift in b-values was present in women.
WC
The scaling of WC to height results for the 8 sex and race/ ethnic groups are presented in Table 2 . WC alone scaled to height across the 8 sex and race/ethnic groups, with values for b in Equation 2 ranging widely with a low of 20.44 6 0.05 for Korean women to a high of 0.78 6 0.09 for Mexican American men. Powers increased in all groups after adding age to the model with WC alone. After adjustment for age and adiposity, WC scaled to height with powers ranging from w0.52 to 0.82. There were no significant differences in WC scaling powers for women, whereas between-race/ethnic differences were present in the men. The smallest height power was present in NH white men (0.60 6 0.06) and the largest height power was in the NH black men (0.82 6 0.05).
Between-sex differences in scaling relations
The between-sex differences in powers for BW and WC scaled to height within each race/ethnic group are presented in Supplemental Table 3 . The power differences did not differ significantly between men and women with the exception of NH black men and women for BW and Korean men and women for WC (both P , 0.05).
Nationally representative powers
After race-ethnicity (NH white, NH black, Mexican American, or other) across the entire NHANES sample was controlled for, the respective powers for BW and WC scaled to height were 2.12 6 0.05 and 0.66 6 0.03 for men and 2.02 6 0.04 and 0.61 6 0.04 for women. For KNHANES, the respective nationally representative powers for BW and WC scaled to height were 2.11 6 0.06 and 0.67 6 0.05 for men and 1.99 6 0.06 and 0.56 6 0.05 for women.
DISCUSSION
The primary focus of the present investigation was to establish if powers of height applied as part of calculating BMI are appropriate across sex and race/ethnic groups. A secondary aim was to evaluate how WC scales to height across the 8 evaluated groups. The availability of NHANES and KNHANES data sets collected with the same methods and protocols provided a unique opportunity to conduct an in-depth exploration of these 2 related study questions. These analyses extend earlier studies that were conducted in more limited and less generalizable samples (12, 19, (21) (22) (23) .
The primary findings of the current study were 3-fold: within and across the evaluated samples, variation in age and adiposity had a major influence on the strength and nature of observed stature scaling relations; scaling patterns for BW and WC were generally similar across sex, age, and race/ethnic groups; and at the population level, BW and WC scaled to height with respective powers of w2 and 0.5-0.8, with values nonsignificantly larger in men than in women except for the sex differences in BW scaling among NH blacks and in WC scaling among Koreans.
Age and adiposity effects
A main feature of BMI is that it provides a measure of body shape independent of height (20) . Correlations between BMI and height can arise only if BW in a sample scales to height with powers differing from 2. Correlations between BMI and height have been observed many times in the past (10, 30-32, 37, 38) . For example, the Diverse Populations Collaborative Group (37) reported the presence of small inverse correlations between stature and BMI in 25 samples (n = 385,232) of men (random effects average: 20.026; 95% CI: 20.041, 20.012) and women (random effects average: 20.119; 20.132, 20.106). The reasons for these discrepancies are largely unknown, but many have speculated on their mechanisms (9) .
We hypothesized that the variable powers of weight scaled to height derive in part from a failure to control adequately for sample age and adiposity in developed regression models. The effects of age on scaling relations across a wide age range of adults can likely be ascribed to nonrandom variation in BW and height across the adult life span. Older subjects in most cohorts tend to be heavier and shorter than their younger counterparts. Effects such as these could have an important outcome on the slope (i.e., b) of log BW regressed on log height as in Equation 2.
We found that age can affect the scaling relation between BW and height, an effect that appeared to have a larger influence on the scaling exponent than did adiposity. However, this observation mainly applied to women. We hypothesize that age may influence the scaling exponent for women but not for men because of the loss of height and the weight gain that frequently accompanies menopause in women. Second, age appeared to skew the scaling exponent in certain race/ethnic groups of women more than others, an effect most apparent for Korean women. One explanation for this finding is that there may be generational differences in nutrition that are greater in Koreans than in the American race/ethnic groups.
Adiposity may also influence the observed scaling exponent but appears to have less of an effect than age alone. As noted earlier, BW can be viewed as consisting of a stature-dependent component and an energy balance-dependent component, the latter composed mainly of body fat. We can only speculate, as is often assumed, that the stature-dependent portion of BW has a stable proportion of body fat across people differing in height. On the other hand, the portion of BW sensitive to energy balance can be influenced by a number of genetic and environmental factors that are unrelated to stature.
Combinations of factors such as socioeconomic status, nutrition, health status, and smoking history are the likely basis for the observed correlations across subjects between adiposity and stature. The important question remains why population stature-BMI correlations are so pervasive in previously reported studies. Whatever the mechanisms, our findings clearly show that 2 factors, across-population variation in age and adiposity, have the potential for obscuring the "true" empirical relations between BW and height. These effects are particularly important when exploring BMI-body composition differences across race/ethnic groups that vary widely in age, height, and BW such as those reported in the current study.
BW and circumference scaling relations
Our primary focus was on how BW scales to height within and across sex and race/ethnic groups and similarly how WC scales to height. Analysis of each group indicated that, in general, BW scaled to height with powers centered around 2. Analyses allowing for generalization to noninstitutionalized NH whites, NH blacks, Mexican Americans, and Korean Asians showed small nonsignificant differences in height powers between men and women with the exception of NH blacks. This finding has been emphasized in the past by Burton (9) and by the Diverse Populations Collaborative Group (37), and our large data set supports these earlier observations. As one potential mechanism explaining these small sex differences in scaling powers, men likely have a greater BW for their height because of anabolic effects appearing during puberty that lead to greater stature and skeletal muscle mass than are present in women (39) .
The finding that WC scales to height with powers of w0.5-0.8 is consistent with earlier observations (22) . Assuming that the human body has a cylindrical shape, a density of unity, and that weight scales as height 2 , then body "circumference" will scale as height 0.5 . This is an oversimplified geometric model (Supplemental Material), and future studies are needed to refine shape predictions and to establish their biomechanical and metabolic basis. Although at present it is unknown how WC relates to an integrated mean whole-body circumference value, we can assume that this anthropometric trunk dimension captures general features of body size. We found small and, in some cases, significant scaling differences across race groups in men, the origin of which is uncertain. As for BW, WC scaled to height with larger powers in the men than in the women and in one case this difference reached significance (i.e., Korean Asians).
Height-adjusted WC indexes are increasingly being reported in the medical literature as a comparable metric to BMI (40) (41) (42) . Our findings show clearly that the appropriate powers for adjusting WC for differences in stature are w0.5-0.8 and not 1.0 (22) . As for BMI, the use of an incorrect sample denominator will lead to an undesirable correlation between the height-adjusted circumference and height. Optimally, the circumference ratio should be independent of height and ideally reflect underlying pathophysiology.
Conclusions and implications
The present study findings identify 2 factors, age and adiposity, as a main basis for the large range of powers observed when BW is scaled to height across sex and race/ethnic groups. We show that failure to control for age and adiposity, especially in women, may lead to incorrect scaling exponents when evaluating the effects of body size as defined by height on BW. Powers of height observed after adjustments for age and adiposity in regression models had a narrow range of w2 for BW and w0.5-0.8 for WC, with some small but significant differences across sex and race/ ethnic groups, the mechanisms of which need further study. Although differences in height powers were generally small and likely of little clinical significance, the possibility always exists to apply population-specific powers in a weight-height index as suggested in 1971 by Benn (43) . Such measures may be appropriate in groups, such as Pacific Islanders, who were not evaluated in the current report. With that option as a proviso, we conclude that BMI, BW/height 2 , is a reasonable statureindependent metric for across-sex and race/ethnic comparisons of body shape and composition.
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